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The Ca"+-permeation properties of AMPA-receptor (AMPA-!?) channels in Purkinje neurons in rat cerebellar slices were studied using a combination of whole-cell patch-clamp recordings, Fura-fluorometry, and single-cell reverse-transcription (RT)-PCR. Several lines of evidence indicate that Purkinje neurons, at both early and late stages of postnatal development, express exclusively AMPA-R channels with a low Ca"+ permeability. First, no Ca"+ signal was detected during application of either AMPA or kainate to Purkinje neurons loaded with the Cazt indicator Fura-AM. In contrast, kainate application induced large Ca*+ transients in Bergmann glia cells. Second, in ion substitution experiments, when Ca*+ is the only extracellular permeant cation, the reversal potential corresponds to that expected for AMPA-R channels with a low permeability for Ca".. Third, using a fluorometric flux-measurement approach (Schneggenburger et al., 1993a) , we found that the Ca*+ fraction of the total cation current through AMPA-R channels is -0.6%.
This value is approximately sixfold lower than that found for recombinant AMPA-R lacking the AMPA-R subunit GluR2. Furthermore, single-cell RT-PCR experiments revealed the presence of the AMPA-R subunits GluRl, GluR2, and GluR3 in Purkinje neurons in cerebellar slices at developmental stages corresponding to those studied electrophysiologically. The expression of GluR2 in all cells tested (n = 14) is consistent with the subunit composition predicted from studies of recombinant AMPA-R channels with a low permeability for Ca*+ (Burnashev et al., 1992b) . In conclusion, this study establishes that cerebellar Purkinje neurons at all postnatal developmental stages possess AMPA-R channels with a low permeability for Ca'+.
Key words: AMPA-receptor channels; Ca*'-permeability; fractional Ca*+ current; Purkinje neurons; postnatal development; patch clamp; cerebellar slices; single-cell RT-PCR; Fur-a-Z; ester loading; digital fluorometric imaging Purkinje neurons of the cerebellar cortex are an interesting cellular model to study the Ca2+ permeability properties of neuronal AMPA receptors (AMPA-R), the receptors that mediate fast glutamatergic synaptic transmission. This is because there is relatively detailed information on the expression of mRNA for the four AMPA-R subunits in Purkinje neurons, both from in situ hybridization studies (Keinanen et al., 1990; Sommer et al., 1990; Monyer et al., 1991) and from the single-cell reverse-transcription (RT)-PCR approach (Lambolez et al., 1992) . Results using both approaches indicate that a wide range of AMPA-R subunits, including the edited form of GluR2 [commonly known as GluR2(R)], the expression of which determines the Ca2+ permeability properties of AMPA-R (Hollmann et al., 1991; Hume et al., 1991; Burnashev et al., 1992b ) (for review, see Seeburg, 1993; Hollmann and Heinemann, 1994 ) is expressed in cerebellar Purkinje neurons. There is some disagreement, however, concerning the expression of GluR2 subunits in Purkinje neurons at early postnatal developmental stages (PellegriniReceived July 25, 1995; revised Oct. 16, 1995; accepted Oct. 18, 1995. This work was supported by grants from the Deutsche Forschungsgcmeinschaft (SFB 246) Giampietro et al., 1992) . In addition, Purkinje neurons are devoid of functional NMDA receptors (Perkel et al., 1990; Farrant and Cull-Candy, 1991; Llano et al., 1991b) (but see Momiyama et al., 1995) . Furthermore, Ca 2+ signaling in Purkinje neurons is associated with several important functions such as the !ong-term modification of two different synaptic inputs, one glutamatergic (Sakurai, 1990; Konnerth et al., 1992) and the other GABAergic (Llano et al., 1991a; Kano et al., 19?2) . Therefore, it is necessary to determine to what degree AMPA-R channels can contribute directly to Ca2+ signaling in Purkinje neurons. Recent studies, using the technique of Fura-ester loading in isolated Purkinje neurons, found a relevant Ca2+ accumulation after activation of AMPA-R (Brorson et al., 1992; Sorimachi, 1993) . However, another report in cultured Purkinje neurons suggested the presence of AMPA-R channels with a low permeability for Ca2+ (Linden et al., 1993) .
In the present study, we have combined different methodological approaches to study the Ca2+-permeability properties of AMPA-R in Purkinje neurons in rat cerebellar slices. Using the Fura-ester-loading technique, the intracellular Ca2+ concentration ([Ca'+],) changes evoked by AMPA-R agonists in Purkinje neurons from cerebellar slices of young rats were compared with those in Bergmann glial cells, which are known to express AMPA-R with a high Cazt permeability (Burnashev et al., 1992a; Mtiller et al., 1992) . The electrophysiological properties of AMPA-and kainate-induced currents were determined using whole-cell patch-clamp recordings and ion-substitution experiments. To resolve and quantify the fractional contribution of Ca2+ to the total current through AMPA-R in Purkinje neurons, we used a technique based on loading the cell via the patch pipette with high concentrations of Fura-(Neher and Augustine, 1992; Schneggenburger et al., 1993a) . The singlecell RT-PCR technique was used to identify the AMPA-R mRNA expressed in Purkinje neurons from young rats and, in particular, to look for the presence of GluR2. Finally, using the combination of patch-clamp recording and ratiometric digital imaging of soma and dendrites of Purkinje neurons, we tested for the presence of relevant Cazt signals associated with currents evoked by AMPA-R agonists.
MATERIALS AND METHODS
Slicepreparation and whole-cellpatch-clamp recordings. Sagittal cerebellar slices (200 km thickness)
were obtained from l-to 38.d-old rats following the methods originally described by Llinds and Sugimori (1980) , with slight modifications (Edwards et al., 1989; Llano et al., 1991a; Kano and Konnerth, 1992) . The slices were kept at 34°C in oxygenated standard saline (see below) for at least for 1 hr before transferring them to the experimental setup. The Purkinje neuron surface was cleaned, and tightseal whole-cell recordings were established as previously described (Edwards et al., 1989 et al., 1993a) . All of the measurements of fractional Ca'+ current were done by taking the F/Q ratio that best-fitted the fluorescence data points using this simulation. By dividing the experimentally determined F/Q ratio by F,,,,,, an estimate of the fractional Ca2+ current can be obtained (Schneggenburger et al., 1993a; Zhou and Neher, 1993 
RESULTS

Separation
of voltageand ligand-gated Ca*+ fluxes A necessary prerequisite for the quantification of Ca2+ influx through ligand-gated ion channels with fluorometric methods is to block Ca*+ influx through voltage-gated Ca*+ channels, which may contaminate the measurements. For this purpose, the organic Ca'+-channel blocker D600 was used, which completely blocked voltage-gated Cazt currents of Purkinje neurons in cerebellar slices (Fig. M-C) . Although a relatively high concentration (500 was necessary to achieve a complete block of voltage-gated Ca*+ channels, the drug did not affect ionic currents evoked in Purkinje neurons by bath-applied kainate (Fig. 10,/Z) . Similarly, currents induced by iontophoretic application of AMPA or kainate were not affected by the presence of 500 FM D600 in the bath solution (data not shown). In the following experiments, therefore, D600 was used whenever a contaminating Cazt influx through voltage-gated channels had to be eliminated.
Calcium responses to AMPA-R activation in Purkinje neurons and Bergmann glial cells loaded with Fura-AM To test whether Ca*+ permeates through AMPA-R channels in
Purkinje neurons in cerebellar slices, we monitored the changes in [Ca2+li in Fura-AM-loaded cells. This is the same technique used in isolated Purkinje neurons in previous reports in which AMPA-R channels were found to have a significant Ca*+ permeability (Brorson et al., 1992; Sorimachi, 1993) . This approach allowed us to monitor the responses of several cells simultaneously. Furthermore, it allowed us to compare the responses of Purkinje neurons with those of Bergmann glial cells, which are known to express Ca*+-permeable AMPA-R channels (Burnashev et al., 1992a; Mtiller et al., 1992) . Bergmann glial cells were identified by their size, location, and morphology. A typical experimental protocol is illustrated in Figure 2 . Initially, as a control for voltage-gated Ca*+ influx, the cells were depolarized by bath application of a solution containing 50 mM Kt (Fig. 2, left) . Then were applied only when the depolarizationinduced Ca*+ signals were blocked completely by D600 (Fig. 2,  middle) . In this experimental situation, bath applications of kainate led to clear increases in [Ca2+li in Bergmann glial cells ( Fig.  2A, right) . The mean (&SD) increase in five cells with 1 mM kainate was 116 +-22 nM. In contrast, the application of 1 mM kainate did not cause any detectable increase in [Ca2+li in 23 of 24 Purkinje neurons that underwent the complete experimental protocol. At the earliest age tested, Pl-P2, 1 of 9 Purkinje neurons showed a response to the application of 1 mM kainate. At the later developmental stages studied, P3-P5 (n = 10 cells) and P9-P15 (n = 5 cells), no response to kainate application was observed. Using the same protocol, the application of 20 PM AMPA to 3 Purkinje neurons in a slice from a 2-d-old rat did not evoke any detectable Ca*+ signal.
Current-voltage
relationship of the currents flowing through AMPA-R of Purkinje neurons in standard and in Na+-free, high-Ca*+ extracellular solutions In a second set of experiments, we directly measured the ionic currents through AMPA-R of Purkinje neurons from cerebellar slices by whole-cell patch-clamp recordings. Bath applications of AMPA (l-10 FM; y1 = 9 cells) or kainate (lo-100 PM; n = 10) induced inward currents at a holding potential of -60 mV in all Purkinje neurons studied. Figure 3A (left) shows AMPA-induced currents of a Purkinje neuron of a 25-d-old rat. Outward and inward currents with peak amplitudes of >l nA were induced at positive (+60 mV) and negative (-60 mV) holding potentials, respectively. The current-voltage relationship during application of AMPA to the same Purkinje neuron (Fig. 3A, right) was linear in the potential range from -60 to +60 mV. Similar currents were induced in a Purkinje neuron of an &d-old rat by kainate (Fig. 3B, left) . The current-voltage relationship of this cell was linear (Fig. 3B, right) .
As a third experimental approach to the study of the Cazt permeability of AMPA-R, a solution was applied in which all extracellular monovalent cations were replaced by the impermeant cation NMG (Iino et al., 1990 ) and the Ca*+ concentration was raised to 10 mM. Under these conditions, the only extracellular cation that can permeate through AMPA-R channels is Ca*+. Figure 3C shows the responses of a Purkinje neuron of an &d-old rat to kainate in this 10 mM NMG Ca*+ solution. The current was outward even at a holding potential of -60 mV (Fig. 3C, left) , and no inward current was observed over a potential range from -60 to +40 mV (Fig. 3C, right) . The same results were obtained in 8 Purkinje neurons from 6-to 9-d-old rats. The reversal potentials in 10 mM NMG Cazt solution always were more negative than -60 mV.
Fractional
Ca*+ current through AMPA-R channels of Purkinje neurons Small amounts of Cazt influx, which may be too small to be detected using the techniques described above, can be resolved by measuring the changes in Ca2+-sensitive fluorescence in cells loaded with a high concentration of Ca*+-sensitive dye. In addition, if the membrane current is measured simultaneously, the contribution of Ca*+ to the total current can be determined. Therefore, Purkinje neurons were loaded with high concentrations (l-2 mM) of Fura-via the patch pipette, and membrane currents and fluorescence were monitored during the iontophoretic application of AMPA-R agonists. Purkinje neurons have particularly strong endogenous Ca'+-buffering mechanisms (Llano et al., 1994) . It was established, therefore, whether a concentration of 1 mM Fura-is sufficient to override the endogenous Ca'+-buffering mechanisms. For this purpose, Ca2+ entry was induced by activating voltage-gated Ca2+ currents in rat Purkinje neurons (P4-P7). During the time course of loading with 1 mM Fura-2, depolarization-induced [Ca2+li transients produced by comparable Ca*+ injections were mostly reduced (Fig. 4AJ) . This observation alone indicates that Furawas able to become the main intracellular Ca*' buffer and to influence [Ca*+], transients strongly in Purkinje neurons at this developmental stage. Moreover, when the Ca2+-sensitive fluorescence decrements were divided by the amount of incoming Ca2+ charge (giving the F/Q ratio, see Materials and Methods) and plotted as a function of the intracellular Fura-Ca'+-buffering capacity (Neher and Augustine, 1992), a saturation of F/Q ratios was apparent with increasing Fura-2-buffering capacities (data not shown). This finding strongly suggests that Fura-2, at a concentration of 1 mM, becomes the dominant intracellular Ca2+ buffer in young Purkinje neurons.
In addition, a contribution of a Ca*+-induced Ca*+ release, caused by an escape from the Ca*+-buffering action of Fura-2, was excluded by two additional observations. First, in two experiments we used a higher concentration of Fura-of 2 mM instead of 1 mM. The fractional Ca2+ current measured under these conditions was not different from the other 6 cells. Second, for some cells we constructed a plot of Ca*+ charge versus total inward charge that entered the cell in the first 5 set of agonist application (Fig. SC) . The relationship of these two parameters was linear, indicating that no regenerative mechanism of [Ca2+li increase was recruited.
After complete loading of the cells with 1 or 2 mM Fura-2, and in the presence of 500 PM D600 to block voltage-gated Ca*+ influx, ionic currents were evoked by iontophoretic application of AMPA or kainate, which caused a net total inward charge transport in the range of l-15 nC (10 and 5 nC in the examples of Fig.  4C ). Despite the large total charge transport, the Ca*+ influx signals (see Fig. 4C , top) and, therefore, the contribution of Ca2+ to the total inward current through the AMPA-R channels were small. Because in many instances the Ca2+ influx signals were at the limit of the resolution of our measuring system, special care had to be taken for the quantification of the fractional Ca*+ current. In Figure 5 , A and B, two examples of analysis after iontophoretic application of kainate and AMPA to two different Purkinje neurons are shown. The decrement of the Ca2+-sensitive fluorescence of Fura-was fitted with the integral of the current response, scaled by the F/Q ratio (Fig. 5AJ, dashed lines) . A single-exponential Ca*+-extrusion mechanism was included in the simulation (Fig. 5A,B, solid lines) . Using this approach, a single F/Q ratio could be used to fit the data points from the beginning of the response to >lO-20 set later (see. Fig. 5A,B) . During this time window, the F/Q-ratio parameter of the curve giving the best fit was divided by the F,,,,, value to obtain an estimate of the fractional Ca*+ current (Schneggenburger et al., 1993a) . Using this analysis, an average fractional Ca*+ current of 0.57 It 0.33% (n = 4 cells) was found with AMPA-induced currents at a holding potential of -60 mV. When kainate was applied iontophoretically, the agonist-evoked currents usually decayed faster than with AMPA (see Fig. 5A,B) . Consequently, the total amount of charge that entered the cell was too small to produce a Cazt signal that was readily measurable. To increase the total amount of charge transport, and therefore obtain a larger Ca*+ signal, a holding potential of -SO mV was used in the case of kainateinduced currents. The fractional Ca*+ current under these experimental conditions was 0.63 -' 0.12% (n = 4 cells). Left, Kainateinduced currents at holding potentials of +40 and -40 mV. Right, Current-voltage relationship of the kainate-evoked current with a voltage ramp from +40 to -60 mV. Lambolez et al. (1992) . These experiments were performed in Purkinje neurons in slices of 5-to 7-d-old and 14-to 17-d-old rats. After the first PCR amplification, a single band containing fragments of -750 bp (the expected fragments were 749 bp for GluRl and GluR2, 755 bp for GluR3, and 749 bp for GluR4) was detected by agarose-gel electrophoresis (Fig. 6A, lane 2) . Contam- CaZf channels by D600 (500 PM). Note that during the first two applications the total charge calculated from the inward currents (Q) was -100.fold larger than that with depolarizing steps but, nonetheless, the fluorescence changes were much smaller, indicating that ~1% of the AMPA-evoked current was carried by Ca*+.
ination by genomic DNA can be excluded because of the presence of three large introns between the two primer positions, which would have resulted in a larger amplification product. After purification and a second PCR amplification (see Materials and Methods for details), the product was investigated by restriction analysis with enzymes specific for each AMPA-R subunit (Fig.  6A) . Fragments corresponding to the GluRl-GluR3 subunits were detected in all Purkinje neurons of both groups of younger (P5-P7; IZ = 8) and older (P14-P17; IZ = 6) rats. GluR4 was detected in two neurons from younger rats but was not detected in the older group. As a control, the same PCR reactions were performed on cDNA synthesized from total RNA prepared from whole brain of 17-d-old rats. In this case, AMPA-R subunits GluRl-GluR4 were detected. To confirm the identity of the restriction fragments for GluRl-GluR4, Southern blot analysis was performed for 3 Purkinje neurons of P.5 and P7 rats (Fig. 6B ). Our data demonstrate that the AMPA-R of Purkinje neurons from 5-to 7-d-old and 14-to 17-d-old rats have a similar subunit The bottom trace represents the kainate-evoked inward current that was sampled throughout the experiment at the same rate as the fluorescence (dots) except at the time of iontophoretic applications, when it was sampled also at 500-1000 Hz (solid line). The shnded ureu in the current trace represents the total inward charge. B, Fluorescence at 380 nm and simultaneously recorded membrane current during an iontophoretic application of AMPA in a Purkinje neuron in a cerebellar slice from a 5-d-old rat. Note the early divergence of the integral (dashed line) from the simulation (solid line) caused by the slow time course of the AMPAevoked current. C, The Ca2+ charges entering the cell in the first 5 set of seven AMPA applications to a Purkinje neuron calculated from the simulation are plotted on the ordinate. The total inward charges in the same 5 set time window, calculated from the integral of the current trace recorded at high resolution (see B), are plotted on the abscissa. The data are fitted by a straight line, the slope of which represents the Ca*+ fraction of the current. Same cell as in B.
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449-* I 300-+. Figure 6 . Expression of AMPA-R subunits in Purkinje neurons. A, Agarose-gel electrophoresis of the cDNA-amplified products from a single Purkinje cell at PS. Lanes 1 and 7 show the bands of the @Xl74/HaeIII molecular-weight marker (872, 603, and 310 bp bands are indicated to the rig& of the gel). Lane 2 shows the 750 bp band corresponding to the GluRl-GluR4 fragments after the first PCR. Lanes 34 show the cDNA fragments obtained after the second PCR reaction cut by BgZI (300 and 449 bp), Bsp12861(478 and 271 bp), Eco47111(359 and 396 bp), and EcoRI (411 and 338 bp; specific for GluRl, GluR2, GluR3, and GluR4 cDNA fragments, respectively). B, Specificity of the amplified fragments demonstrated by Southern analysis using probes specific for GluRl-GluR4. The Southern blot is from an agarose gel (data not shown) of cDNA fragments, cut with restriction enzymes for GluRl-GluR4 (as in A), from three different Purkinje neurons (cells a, b, and c). Fragments of GluRl-GluR3 were marked in all three cells. GluR4 was detectable only in cell c. To see the restriction fragments for GluR4, twice as much DNA was applied to the agarose gel as for the other fragments, and longer exposure times were used. composition and that the GluR2 subunit is expressed significantly at both of these stages of postnatal development.
Patch-clamp recording combined with ratiometric digital imaging To test whether Ca2+ entering through AMPA-R channels was able to produce Ca2+ signals localized in the somatic or the dendritic region of Purkinje cells, [Cazili was visualized by digital imaging during the application of AMPA-R agonists at a holding potential of -60 mV. Figure 7A shows [Ca2+li and the kainateinduced current from a Purkinje neuron of an &d-old rat. Application of kainate for 45 set induced an inward current with a peak amplitude of -2 nA (Fig. 7A, top) . The [Caztli calculated for the areas representing the soma and the dendrites (see inset) showed no increase during the kainate-induced inward current (Fig. 7A,  bottom) . Figure 7B shows the AMPA-induced current and [Caztli in the soma and dendrites of a Purkinje neuron of a 12-d-old rat (see inset). Despite the large current of -3 nA, there was no detectable increase in [Ca'+] , during the 30 set application of AMPA.
DISCUSSION
This report identifies AMPA-R channels of cerebellar Purkinje neurons as a type with a low Ca2+ permeability and, for the first time, provides a direct measurement of the fractional Ca*+ current through these AMPA-R channels in neurons.
Screening of cells with a high Ca2+ permeability The technique of Furaester loading.~combined with agonist application provides a useful tool for screening the Cazt permeability of AMPA-R channels that can be applied to Purkinje neurons at a wide range of developmental stages. Purkinje neurons showed no detectable increase in [Ca2+li in response to AMPA-R-agonist applications, whereas under the same experimental conditions, clear elevations in [Ca2+li were evoked in Bergmann glial cells. It is known from both molecular biological (Monyer et al., 1991; Burnashev et al., 1992a) and electrophysiological studies (Burnashev et al., 1992a; Miiller et al., 1992) that Bergmann glia express AMPA-R channels with a high Cazt permeability.
With this technique, we also observed a clear depolarization-induced increase in [Ca2+li in Bergmann glia, a finding that suggests that voltage-gated Cazt channels are present in these glial cells, in contrast to previous electrophysiological reports (Miiller et al., 1992) .
Voltage dependence of currents through AMPA-R channels The current-voltage relationship of AMPA-induced currents in normal extracellular solution was linear, with a slight outward rectification (see Fig. 3A ,Q. In experiments in which the only permeant extracellular cation was Ca2+, the current-voltage relationship was nearly linear, with a reversal potential more negative than -60 mV (Fig. 3C) . The linearity of the current-voltage relationship allowed the reversal potential to be estimated tentatively by extrapolation.
For the cell shown in Figure 3C , this potential is approximately -74 mV, a value (see Iino et al., 1990; Jonas and Sakmann, 1992 ) that gives a permeability (P) ratio Pc,/PC, of 0.19. This value is close to the PCaIPNa of 0.17 found by Linden et al. (1993) for AMPA-R channels of cultured Purkinje neurons. Similar values (0.10-0.18) were reported for the permeability ratios of Ca*+ to different monovalent cations for linearly conducting and outwardly rectifying AMPA-R channels in neurons of the spinal cord and hippocampus (Mayer and Westbrook, 1987; Iino et al., 1990; Lerma et al., 1994) . However, for pyramidal neurons in slice preparations of the hippocampus and neocortex, lower values for PC,/PC, of co.05 (Jonas and Sakmann, 1992) and P&P, of -0.05 (Jonas et al., 1994) were found, respectively. These and our values contrast markedly with those for AMPA-R with a higher Ca*+ permeability. In some hippocampal neurons, PCs/PCs values of 2.3 (Iino et al., 1990 ) or 0.9 (Lerma et al., 1994 were obtained, whereas in neurons of the nucleus magnocellularis the value was 1.2 (Otis et al., 1995) . In neocortical interneurons, a value for P,,/P, of 0.63 was found (J&as et al., 1994) .
AMPA-R channels of Purkinje neurons have a low fractional Ca2+ current The fractional Ca2+ current value of -0.6% found in this report is in agreement with those calculated in different cell types from ion-substitution experiments. Using the Goldman-Hodgkin-Katz equation to convert the fractional Ca*+ current into a permeability ratio (see also Garaschuk et al., in press), we obtain a PC,/ P Monova,cntCati~,ns of 0.13, a value close to that of -0.19 estimated from the current-voltage relationship in ion-substitution experiments (see above). This means that the permeability for Ca2+ is approximately sevenfold lower than for monovalent cations. These results January 15, 1996, 76(2):456-466 Tempia et al. l Ca2+ Flux through Neuronal AMPA-R Channel s
